Using a dynamic wetting force device, involving a sensitive Wilhelmy balance, surface wetting behaviors of polyester, polypropylene, and cellulose acetate fibers, the last two in several different sizes and cross-sectional shapes, were examined. Assessed were the values of the advancing and the receding contact angles and the work of adhesion with water as the fluid. Conducting tests with deionized water and methylene iodide allowed us to assess the value of the total surface energy along with the values of the polar and the dispersion components of it. In a limited number of tests, the surface properties of polyester and polypropylene films were also determined and compared with those of the fibers. The results generally showed that the energy was largely dispersive, hysteresis in contact angles was low, and while the fiber size and cross-sectional shape did not influence the contact angles or the energy, the surface roughness and crystallinity played significant roles.
Introduction
Surface wetting force, adhesion and energy are important physical properties that affect the ability of materials to be processed into final products and the performance of the latter in many key applications. Work of adhesion, for example, affects cohesion and bonding between materials and would be an important property to consider when selecting materials for applications such as coatings and composites. Likewise, surface contact angle and energy values govern the behavior of fibers in capillary absorption and transport of fluids and would be important quantities to consider when selecting fibers for products such as wipes, towels, sanitary pads, tampons and diapers. Important as these properties are, however, little has been published in scientific literature on how these are assessed on fine denier single fibers, how they vary among materials and with factors such as cross-sectional size and shape. Many materials are available as fibers as well as films and are used in both forms in producing products. It is not known how the differences in the morphologies of the two affect the differences in the wetting characteristics. Another interest in evaluating surface properties will be to determine how surface energy in fibers of interest was divided among polar and dispersion components. This will be important in determining how inherently hydrophilic or oleophilic a material will act to be.
Presented in this paper are the details of the Wilhelmy technique used in determining the surface wetting and energy properties of single fibers. The Wilhelmy technique has been used for over 40 years to study behavior of solids. Although investigators [1, 2] have used the method on many materials, most studies of dynamic wetting behavior have involved films, or fibers of well defined uniform shape and large dimensions. Using the technique on short lengths of fine denier and crimped fibers has presented difficulties and, therefore, very little information has been published in the literature on such materials. A technique was developed in this work which allowed us to make reproducible measurements on single fibers. A number of fibers were used in the project. The results reported in this paper are for cellulose acetate, polyester and polypropylene. Assessed were the advancing and receding contact angles, wettability indices and the works of adhesion. By performing tests with two different fluids, the values of surface free energy were determined. Two of the materials, namely cellulose acetate and polypropylene, were available in several sizes and cross-sectional shapes and, therefore, the roles of these as variables were determined. In selected tests, surface wetting and energy properties of polyester and polypropylene films were also evaluated and compared with the values obtained on fibers.
The most common and useful measure of the wettability of a solid is the contact angle, whose value reflects how wettable or non-wettable a surface might be. Numerous methods are available for measuring contact angles [3, 4 and 5] , but they can be divided into two classes, the static and the dynamic. A single value obtained from a static system is not satisfactory for fibers because they are irregular and heterogeneous in characteristics along their lengths. The dynamic contact angle determined by the Wilhelmy principle provides a more satisfactory characterization of fiber-liquid interaction. The technique yields the values of the advancing and the receding contact angles by evaluating the forces that cause the liquid interline to advance or recede, respectively, over the solid surface.
Figure 1 THE WILHELMY FORCE

Figure 2 INTERFACIAL TENSIONS AT EQUILIBRIUM
According to the Wilhelmy principle [6] , the vertical component of the attractive force across the interface between a partially immersed solid and a liquid surface is expressed as follows:
where F W = wetting force, LV = surface tension of liquid (dyne/cm), P = perimeter of solid (cm), and = contact angle between liquid and solid at the interface (see Figure 1 ). The surfaces of solids are often characterized for their interaction with liquids in terms of a parameter known as the work of adhesion (W A ). It is given by:
where the SV , LV and SL terms are the interfacial tensions at solid-vapor, liquid-vapor, and solid-liquid interfaces, respectively ( Figure 2 
Equation 4 shows that the work of adhesion is the sum of two quantities, a property of the liquid alone ( LV ) and the interaction between the liquid and solid ( LV cos ). The latter term, LV cos , can also be used to define a parameter called Wettability Index, which gives a normalized value of the Wilhelmy force, i.e.:
Wettability Index, WI = ---= LV cos (5) P
The best method available for determining the surface energy of a solid ( S ), which is the sum of the dispersive component ( S d ) and the polar component ( S p ), is through the measurement of the contact angles with two dissimilar liquids (deionized ultra filtered, DIUF, water and methylene iodide) whose dispersive and polar contributions to surface tensions are known.
Assuming that both the dispersive and the polar interactions across the solid-liquid interface conform to geometric mean mixing rule, Kaelble [7] 
Experimental
Materials
The fiber materials used in the investigation varied in terms of fiber type, size, and cross-sectional shape and are as shown in Table 1 . All fibers were extracted using the Soxhlet extractor and trichlorotrifluoroethane (AATCC Text Method 97-1995) before conducting contact angle tests.
Figure 3 WILHELMY DETECTIVE FOR MEASURING WETTABILITY
Figure 4 MOUNTING PROCEDURES FOR WETTING FORCE MEASUREMENTS
Wetting Force Measurements
The dynamic wetting force was measured by a continuous immersion technique using Cahn C-2000 electrobalance (Figure 3) . For experiments on fibers, a platinum wire sinker (0.25 mm in diameter and approximately 11-18 mm in length) was used to keep the specimen straight during immersion and emersion. The two ends of a test fiber were glued to a triangular piece of aluminum foil. A sinker was hooked in the loop so formed, which produced two vertical sections of the specimen. The mounting tab was suspended from the hangdown wire of the electrobalance by means of a hole punched near the vertex of the triangular foil. For film, thin rectangular shaped specimens of 10 x 1 mm were cut with a sharp razor blade and cleaned with trichlorotrifluoroethane.
One end of the film was glued to a hole-punched triangular shaped aluminum foil. A hole punched at the other end of the film was hooked to a platinum wire sinker. The foil was suspended from the hangdown wire of the electrobalance (Figure 4) The wetting liquid container was moved up and down at 750 mm/min via a computer programmed motor-controlled drive. A commercial software was used to display and compute wetting force values from the signals received from the electrobalance. The depth of fiber immersion was kept at approximately 5 mm in all cases. The specimen/foil assembly was dried in a dessicator for at least 2 hours before testing in Deionized Ultra Filtered water (DIUF water). The tested specimen/foil assembly was dried again in a dessicator for several days before retesting in methylene iodide. Test conditions used were controlled at 50 ± 2 % humidity and 21 ± 1 o C. The surface tension values of the methylene iodide and DIUF water measured were found to be, respectively, 50.8 mN/m and 72.8 mN/m at 20 o C.
The force detected on a specimen in liquid to which a sinker was attached can be given as follows: (10) In this, F is the measured force on the sample, F W is the actual wetting or Wilhelmy force, F B is the buoyancy force of the sample, F S is the buoyancy force of the submerged sinker, mg is the weight of the fiber assembly, and F f is the frictional drag of the sinker/fiber (mostly sinker) against the fluid. The sign of F f is (-) for advancing and (+) for receding. The first term on the right is usually tared out at the beginning and the third and the fifth are negligible in comparison with the magnitude of the wetting force. Therefore, the equation simplifies to: (11) A representative trace of the force, F, obtained in a dynamic contact angle experiment is shown in Figure 5 .
Regions A, B, C, D, E, and F in the profile represent, respectively, the force signals of the assembly before the contact is made with the fluid, during immersion of the sinker, during immersion of the test fiber, during withdrawal of the same, during withdrawal of the sinker, and after the assembly is out of the fluid.
Determination of the Perimeters of Specimen
Determination of contact angles by the Wilhelmy method requires that the perimeter of the specimen be known. On round fibers of reasonably large size this can be accurately determined by measuring diameter with an optical microscope. On fibers which are fine and irregular in shape, this method can lead to inaccurate results. One suitable option would be to determine the value by image analysis of SEM micrograph of the cross-section of the material. This procedure may be tedious and laborious but it should provide more accurate results. A second option would be to assume, as suggested in the literature [8] , that the receding value of the contact angle, R , will be zero if the surface was interacted with a liquid of low surface tension such as hexadecane. If this assumption was true and adopted, then the value of the perimeter could be obtained by simply measuring the magnitude of the receding wetting force and dividing it by the surface tension of the fluid: F R = LV P cos R or P = F R / LV It was decided to use the image analysis procedure on all materials of the study, and, additionally, the wetting force procedure using the low surface tension fluid hexadecane on one set of materials, namely, the cellulose acetate fibers.
For cross sectioning, the portion of the specimen used was the same on which wetting force measurements had been made. The procedures used on cellulose acetate and the other two fibers were somewhat different. For cellulose acetate, two ends of the tested single fiber were removed from the mounting tab and glued on a microslide. The middle portion of the specimen where the wetting force measurements had been actually taken was cut with a sharp razor at a 90 o angle. The small segment of the fiber so obtained was then mounted on SEM sampling plate with the clean 90 o cut end pointing up using a small dab of glue.
For polyester and polypropylene fibers, Versamid 940 nylon chips (melting point about 94-100 o C) were melted in an aluminum container over a hot plate. A single fiber was embedded by pouring melted polymer into the mold and cooling down the composite to allow resin to harden. A 900 cut section of the fiber was obtained by slicing the resin block with a sharp razor blade. To expose the fiber end for coating to generate contrast, the tip of the block was immersed in formic acid to dissolve the resin around the fiber.
The microtomed samples were sputter coated with gold-palladium to provide contrast and conductivity. These were examined under a Philips 505 T scanning electron microscope using 10 KV and photographed. Observation was enhanced by tilting the cross section of sample such that its plane made a 90 o angle to the axis of the beam. Specimens were observed at magnifications ranging from 1,050X to 4,400X. Perimeters were assessed from the micrographs using an image analyzer. Perimeter of a film sample was calculated from the values of the thickness and the width. Table 2 and illustrated in Figure 6 .
Figure 6 COMPARISON BETWEEN PERIMETERS OBTAINED FROM WETTING FORCE MEASUREMENT (LIQUID: HEXADECANE) AND IMAGE ANALYSIS METHODS FOR CELLULOSE ACETATE FIBERS
Although the values obtained by the two methods were linearly related (Figure 6 ), a statistically highly significant difference existed between the two. The ones obtained from the wetting force measurements were about 19% smaller than those obtained using image analysis. Accordingly, the assumption of zero contact angle with hexadecane on cellulose acetate was not valid. Further analysis indicated that the contact angle actually found was about 30 o . This caused the perimeter values obtained by the indirect method to be greatly underestimated. In this study, therefore, the perimeter values used for characterizing wettability behaviors of surfaces were those obtained from the image analysis of the micrographs of the cross-sections. Figure 7 gives plots of the advancing and the receding forces against perimeter for cellulose acetate fibers. Results show that an increase in perimeter caused an increase in the wetting forces, but the effect was
Effect of Fiber Cross-sectional Shape and Size On Wetting Characteristics
linear only for the receding and not for the advancing values. In the latter mode, the points representing the 8 denier fibers, in particular, did not conform to the general linear relation supported by the other points. In the former, on the other hand, all points fell closely on a linear curve, validating strongly Equation 1.
Figure 7 WETTING FORCE VERSUS PERIMETER FOR CELLULOSE ACETATE FIBERS
Figure 8 WETTING FORCE VERSUS PERIMETER FOR POLYPROPYLENE FIBERS
This observation leads to an important conclusion, which is that in the receding mode the values obtained were essentially equilibrium and affected mostly by the chemical structure and molecular packing (which enhances interaction) of the material. In the advancing mode, on the other hand, the values obtained were transient and affected additionally by the surface physical (molecular orientation) and morphological structures. It is reasonable to expect that all fibers included in Figure 7 were chemically the same, i.e., made from the same dope, but they differed somewhat in terms of the physical and/or the morphological structures. Such differences could arise from the fact that fibers of different sizes and shapes were extruded, drawn and annealed separately, therefore the conditions used could not be exactly the same. As generally expected, the receding force values were greater than the advancing force values. This was due to the fact that the surface in the receding mode had adsorbed a layer of water molecules, which lowered its contact angle. Similar results were found on the polypropylene fibers (Figure 8 ).
Fiber cross-sectional size and shape, therefore, had a direct effect on wetting force, which was strictly due to their effect on the value of the perimeter. Table 3 lists the average values of the various wetting parameters of the fibers of different shapes, sizes, and types. As is clear, fiber size and shape mostly affected the values of the wetting forces; they produced little if any effects on the values of contact angle, the wettability index, and the work of adhesion. Table III gives a summary of the surface wetting properties of cellulose acetate, polypropylene, and polyester. Among these, cellulose acetate gave the lowest and polypropylene the highest values of the contact angles. Conversely, cellulose acetate had the highest and polypropylene the lowest values of the wettability index (Table 3 ) and work of adhesion (Table 4) . These differences in values could be accounted for largely by the differences that existed in the chemical structures of the fibers. Among the three, cellulose acetate was a relatively more rapidly wettable material and that is because the fiber was only partially acetylated and had hydroxyl groups present in the structure. Relatively better wettability properties of polyester over polypropylene were due to the presence of more polar ester groups in the former. Polypropylene being strictly a hydrocarbon material lacked such groups and, therefore, had the highest value of the contact angle ( > 90) and lowest values of the wettability index and the work of adhesion. The average values of the advancing contact angle, a, obtained in this work for the two synthetic fibers matched those obtained by other workers [9, 10] : 810 for polyester and 960 for polypropylene.
Wetting Characteristics of Fibers of Different Types
Hysteresis in the Wetting of Cellulose Acetate, PET and PP
Advancing contact angles being greater than the receding leads to wetting hysteresis. Several factors have been mentioned as being responsible for this phenomenon: surface contamination, surface roughness, and time-dependent interaction of the liquid with the solid surface [9, 11] . A parameter that has been proposed to characterize wetting hysteresis is the ratio of the work of adhesion in the receding to that in the advancing mode [11] . The values for the three fibers are given in Table IV .
Among these fibers, polyester had the highest (1.15) and polypropylene the lowest values (1.05). Cellulose acetate fell in an intermediate position with a value of 1.11. The relatively high values of polyester and cellulose acetate reflected their ability to absorb/adsorb water molecules. A material which either interacted with a fluid spontaneously or did not interact much with it even after a period of contact will usually show a low value of hysteresis. On the other hand, a material which had the potential to interact but required contact with fluid over a length of time should usually give a high value. Chemical composition, molecular packing and orientation, and surface morphology were the factors expected to affect the nature and the speed of interaction. Table IV indicate that polyester and cellulose acetate interacted with water but the former reacted more slowly than the latter. A low value for polypropylene indicated that the fiber having only hydrocarbon entities had little interaction with water. Results in the literature [9, 12] support this observation, as for example, hysteresis for glass and paraffin wax were found to be 1.00 and 1.05, respectively. The result on glass fiber showed that prewetting it did not change the attraction for water. The result on paraffin wax indicated that the surface was composed of hydrocarbon entities and, therefore, had little if any attraction for water.
The results in
Surface Energy Values of the Fibers
Surface energies of fibers were assessed by conducting wettability tests with ultra filtered deionized water and methylene iodide. The quantity which is of practical value is the one assessed by taking measurements in the advancing mode, i.e., the mode in which a surface first comes in contact with a fluid. From the values of the contact angles (Table V) and the known values of the dispersion and the polar fractions of the surface tensions of the fluids, the magnitudes of the surface energies along with the fractions attributed to dispersion and polar forces were assessed. 
Figure 9 COMPARISON OF SURFACE ENERGIES OF THE THREE FIBERS
The results obtained are shown in Table V and illustrated in Figure 9 . Cellulose acetate had the highest value of surface energy (52.4 dynes/cm) followed first by polyester (41.9 dynes/cm) and then by polypropylene (23.0 dynes/cm). The polar fractions of the energies obtained were as follows: 33% in cellulose acetate, 10% in polyester, and 8% in polypropylene. Thus, among these materials, only cellulose acetate had a sizable polar value, which must have resulted from the presence of hydroxyl groups in the chains. The critical surface tension of polyester and polypropylene have been reported to be 40 dynes/cm and 28 dynes/cm, respectively. The critical surface tension has been suggested to mostly represent the S d component of a low energy surface. The values of the dispersion component of polyester and polypropylene found in this work were about 38 dynes/cm and 21 dynes/cm, respectively which agreed well with the reported values of the critical surface tensions.
Wetting Characteristics of Films
Many techniques have been introduced for manufacturing fiber like products from thermoplastic films. Slit yarns were produced from narrow tapes. A stretched film was slit or fibrillated to obtain a bundle which could be processed as a yarn. Differences existed in the processes used for making fibers and films. The former were normally produced at much higher speeds and stretch ratios than were the latter -leading to differences in the thermal and mechanical histories of the two. Additives were also used in the manufacture of films to create a rough surface to facilitate take-up. All these factors could be expected to cause the surface composition and characteristics, as well as morphology, of fibers and films, to be different. Accordingly, it was of fundamental interest to know what differences, if any, existed in the surface wetting behaviors of fibers and films produced from the same basic polymer, and how these could be explained by the differences existing in the physical and the morphological properties.
Figure 10 COMPARISON OF THE CONTACT ANGLE VALUES OF FIBERS AND FILMS
Figure 11 COMPARISON OF THE SURFACE ENERGY PROPERTIES OF FIBERS AND FILMS
The results obtained on fibers and films are given in Tables 6 and 7 and illustrated in Figures 10 and 11 . They show that the values of the advancing parameters, a , WI a , and WA a for polyester fiber and film were nearly the same. The value of the receding angle, r , however, was lower and, therefore, the values of WI r and WA r were higher in film. These data indicate that fiber and film behaved differently when wet. The hysteresis value, which was 1.15 in fiber, increased to 1.44 in film, indicating that the film had a much greater time dependent interaction with water than did the fiber. A part of this increase could be attributed to relatively greater surface roughness found in film over fiber ( Figure 12 ). In polypropylene also the wetting characteristics varied between fiber and film in nearly the same way but to a somewhat smaller extent. The wetting hysteresis of film was 1.36, which was much greater than that of 1.04 found in fiber. This once again could be attributed to a large extent to a much rougher surface noted in film over that in fiber ( Figure 12 ). Table 7 and illustrated in Figure 11 also showed some interesting differences. In polypropylene the energies were nearly the same; the polar component was lower and dispersion higher in film over that in fiber, but the differences in magnitudes were small. The results in polyester were different, however. The total and the dispersion energies were significantly lower (by 21% and 28%, respectively) and polar energy was significantly higher (by 51%) in film than in fiber. It is speculated that these differences in polyester arose from (1) the additives used in manufacturing of film were relatively more polar and (2) the film had a structure that, as compared to fiber, was less crystalline or had more voids. The values of crystallinity 
measured by the X-ray diffraction technique in fiber and film of polyester confirmed the latter result: the values found being 54.05% in fiber and 47.86% in film.
Summary
The assumption that a low surface tension fluid will wet out a fiber and lead to receding contact angle value of zero was not found valid in this study. Hexadecane used as the fluid on cellulose acetate did not support this assumption and led to an underestimation of the perimeter values. Since an accurate assessment of the latter was needed to determine contact angle by the Wilhelmy method, it is suggested that the value be assessed using a direct method, such as the one involving image analysis of SEM micrographs.
A change in cross-sectional shape or size only affected the value of the perimeter and, therefore, the magnitudes of the advancing and receding forces. No significant effects were produced by these factors on the values of the contact angle and, therefore, on those of the parameters estimated from it.
Wetting properties, however, varied with the fiber type. Among the fibers on which the results are reported, fibers in terms of wetting parameters (i.e., cos , WA, WI) ranked in the order from high to low as follows: cellulose acetate, polyester, and polypropylene. These differences could be largely attributed to the differences that existed in their chemical and physical structures.
Solids, which have any interaction with fluids, usually show hysteresis in wetting (WA r > WA a ). The value of this parameter varied among the fibers. Highest found in polyester was attributed to a slow interaction with water and the lowest found in polypropylene was considered as being due to a lack of interaction. It was pointed out that all aspects of surface structure, including chemical composition, molecular packing and orientation, and surface morphology, played roles in determining the magnitude and speed of interaction between a fluid and a solid.
Surface energy of fibers was assessed using wetting experiments involving two different fluids. The value varied with the chemical structure and was found to be 52.4 dynes/cm in cellulose acetate, 41.9 dynes/cm in polyester, and 23.0 dynes/cm in polypropylene. These were composed of polar and dispersion fractions with the latter dominating in these materials. The polar fractions found were 33%, 10%, and 8%, respectively, in cellulose acetate, polyester and polypropylene. These differences could be understood as arising largely from the differences existing in the nature of the functional groups present in the fibers.
The values of the various parameters measured on films tended to be different from those found on fibers. In general, while the films and fibers behaved similarly when dry, or in the advancing mode, the films as compared to fibers had significantly lower contact angles and higher works of adhesion when wet, or in the receding mode. These differences led to significantly higher hysteresis in films than in fibers (1.36 vs 1.04 in polypropylene and 1.44 vs 1.15 in polyester). The differences in receding values show that the films and fibers differed in chemical composition and/or molecular packing, whereas the differences in hysteresis indicate that the two also differed in surface physical and/or morphological structures. One of the factors that contributed to the difference in hysteresis was surface roughness, which was found to be greater in film than in fiber.
